Introduction
To overcome the scaling limit of microelectronic device dimensions, Si-based dielectric materials need to be replaced by advanced high permittivity (high-κ) materials. Therefore, there has been a great demand lately for alternative gate dielectrics [1] [2] [3] . Among the high-κ materials like ZrO 2 , HfO 2 , Ta 2 O 5 , Y 2 O 3 , TiO 2 metal oxides, Ta 2 O 5 is one of the most promising candidates to replace SiO 2 as a memory dielectric in storage capacitors, since it has excellent step coverage characteristics, high dielectric constant greater than 20 (depending on the conditions during growth), high breakdown field, relatively low leakage currents resulting in a high storage charges and chemically stable structure [2] [3] [4] [5] [6] [7] .
There are a number of ways to fabricate Ta 2 O 5 such as chemical vapor deposition techniques, sputtering, evaporation, sol-gel methods, atomic layer deposition, ion-assisted deposition, laser oxidation of Ta layer [6, 7] . Fabrication method strongly affects the structural and electrical properties of grown Ta 2 O 5 layers [7] . However, the best production method in terms of storage capacitor applications is not yet clear.
Being a local and low temperature process, laser assisted oxidation is a challenging, but promising approach for the production of future devices and, therefore, it can be used as an alternative technique to produce high-κ oxides [8, 9] . The oxide layer fabricated in this way needs to be studied in terms of mainly electrical properties that are essential for Dynamical Random Access Memory applications. In this work, various aspects of Ta 2 O 5 films fabricated by Pulsed Laser Oxidation of radio frequency (rf) sputtered Ta layer, i.e. formation of Ta 2 O 5 by laser assisted oxidation, thickness profile of the grown films, and their dielectric and electrical properties with the analysis of leakage current mechanisms have been studied.
Experimental procedure
Tantalum films with a thickness of 10, 15 and 20 nm were deposited on Si wafers by rf sputtering of tantalum target (99.99% purity) in an Ar atmosphere. The working gas pressure, rf power density and deposition rate were 3 Pa, 2.2 W/cm 2 , 9.3 nm/min, respectively. The substrate was not heated intentionally during the tantalum deposition and presumably remained close to room temperature. Subsequently, the samples were laser oxidized in vacuum chamber. During laser oxidation, the substrate temperature was varied between 250 and 400°C, the laser beam energy density (laser power) was in the range from 3.21 to 3.36 J/cm 2 per pulse, and Thin Solid Films 517 (2008) 994-999 the oxygen gas pressure was 123 Pa. The laser beam is scanned on the surface of the sample by means of a computer controlled X-Y scanner system which has a 3 cm converging lens with a focal length of approximately 25 cm generated a 1.8 mm diameter of spot size on the substrate. By means of this X-Y scanner system, the laser light shines on a region on the substrate approximately 4 × 4 mm 2 and this area can be reduced or increased by software. The details of the laser oxidation system and process parameters can be found elsewhere [8, 9] . Following the oxidation process of Ta films, the oxide thickness, d, and the refractive index, n, of the oxide layers were determined by single wavelength ellipsometer working at 632.8 nm (Rudolph Auto EL II). A Fourier Transform Infrared (FTIR) Spectroscopy (Bruker Equinox 55) was used to determine the chemical composition and structure of the films at the substrate temperature of 350°C and laser power of 3.3 J/cm 2 pulse.
The electrical characterization of the layers was carried out using Metal Oxide Semiconductor (MOS) capacitors with evaporated Al gate electrodes with an area of 1.96 × 10 − 3 cm 2 . The back side of the wafers was hydrofluoric acid cleaned and covered by Al to form ohmic contact. The dielectric and electrical characteristics of the layers were obtained from the Capacitance-Voltage (C-V), Conductance-Voltage (G-V), and Current-Voltage (I-V) measurements. High frequency regime (1 k, 10 k, 100 k, 1 MHz) was used for the C-V and G-V measurements and series resistance correction was performed for 100 kHz and 1 MHz C-V and G-V data. Effective dielectric constant (ε eff ), flatband voltage (V FB ), different types of oxide charges/charge densities, i.e. Q f (fixed oxide charges), Q sl (slow states), D it (fast states) and hysteresis effect were extracted from the C-V and G-V data. Using the I-V measurements of the oxide layers, the conduction mechanisms in Ta 2 O 5 oxide layer were determined. Fig. 1 shows the FTIR spectra of laser oxidized layer produced from initial 10 nm thick Ta film on Si. The spectra correspond to the film obtained at laser beam energy density of 3.3 J/cm 2 , the substrate temperature of 350°C, and the oxide layer thickness of 20 nm. Although the spectra were taken between 400 and 4000 cm − 1 , the region of 400-1200 cm − 1 is displayed in the figures only because of the importance of the low wavenumber region (b1100 cm
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) in the detection of the tantalum oxide-related bonds. As evidenced by the weakness of the OH signal around 3300-3400 cm − 1 of the FTIR spectra, the films are almost moisture-free. A dominant absorption feature around 650 cm − 1 and a wide shoulder like absorption band with a small intensity between 450 and 550 cm − 1 indicate the presence of tantalum oxide(s) in the layers [10, 11] . A wide shoulder like absorption peak with a small intensity dip between 850 and 1000 cm − 1 is attributed to the presence of very tiny amount of suboxides in the oxidized layer [11] . The feature superimposed on the main broad signal at 670 cm − 1 is associated with vibration modes of CO 2 resulting probably from the air ambient during the measurements. Since this peak is not related to the oxidation process, we will not discuss it further. One of the typical features of the high-κ dielectrics grown on Si substrate is that an ultra thin SiO 2 formed at the interface [2, 4, 5, 7] . Although Ta 2 O 5 is not an exception, measured spectra did not reveal a strong indication for the presence of Si-O stretching band which is typically around 1070-1100 cm − 1 . The film has very small bands in this region which can be attributed to the presence of Si-O-Si stretching vibration mode [12] . Based on this observation, one can conclude that interfacial layer containing SiO 2 and/or intermediate oxidation states of Si, is extremely thin if present for this specific film.
Thickness distribution
This section presents the discussions on the variation of the Ta 2 O 5 film thickness with respect to the distance from the center of the laser beam as a function of process parameters like thickness of the sputtered Ta film, laser beam energy density and substrate temperature. Fig. 2(a) [3] . The oxide thicknesses being~22.5 nm, 32.5 nm and 41.5 nm for initial 10, 15 and 20 nm thick Ta films are in agreement with the expectation of approximately twice that of initial Ta film thickness. It is also seen that the highest value of the oxide thickness, d, is measured at the center of the laser beam (denoted by "0" in Fig. 2 ) and the thickness distribution is approximately uniform across the laser irradiated region. The thickness variation across the oxidized region is more homogenous for initially thicker Ta films and a relatively flat region can be found over the distance of 2 mm at the center of the laser beam, across which the thickness variation is withiñ 8% for initially 10 nm thick Ta films and 2.2 nm flat region is obtained for the oxides of higher initial thick Ta films.
The impact of laser beam energy density on oxide thickness, d, is shown in Fig. 2(b) . The substrate temperature and the initial Ta film thickness were 350°C and 10 nm during the oxidation, respectively. The refractive index values are 1.9, 1.9 and 2.2 corresponding to laser These results show that the expected oxide thickness, approximately twice that of initial Ta film, is obtained at relatively lower laser powers, i.e. 3.26-3.31 J/cm 2 , while it increases up to~2.5 times that of initial thick Ta film for the laser power of 3.36 J/cm 2 . This could be due to the fact that a SiO 2 layer is formed at the interface between Ta 2 O 5 and Si substrate as a result of higher laser power. Presence of SiO 2 layer at the interface is undesirable because of its effect on the effective dielectric constant of the oxide layer. On the other hand, Ta may not be totally oxidized for lower laser energy fluences [9] . An optimum interval for the laser power should exist for uniform oxidation. In the present case, most uniform oxide layers were obtained at the laser power ranging from 3.26 to 3.31 J/cm 2 per pulse.
The effect of the substrate temperature on the thickness distribution of the Ta 2 O 5 layers is given in Fig. 2(c) . The thickness of the initial Ta film and the laser power were 15 nm and 3.26 J/cm 2 , respectively. It is obvious that all curves have a Gaussian shape and the thickness variation over 1 mm at the center of the oxidized region changes between 0.5% and 0.7% which is very low. The maximum oxide thickness measured at the center of the laser oxidized region is around 25.5 nm for 250°C, 31 nm for 350°C and 44 nm for 400°C. The ideal thick oxide for 15 nm thick Ta film is obtained around 350°C. However, for T s = 250°C, the oxide thickness (lower than expected value) has an opposite shape of Gaussian thickness distribution, namely the lowest thickness at the center and then sudden increase at the periphery, which indicates that the layer is mostly metallic in the periphery while a slightly oxidized region is at the center. The refractive index values were measured to be 2.1 and 2.0 respectively for 350°C and 400°C. Since the oxide layer thickness for 400°C increases suddenly to about 44 nm while the expected value is 30 nm, and the refractive index value is lower than that of 350°C, it can be concluded that the Si substrate at the interface is also oxidized containing the suboxide forms of Si, Ta and O in addition to the oxidation of the Ta film.
Oxide growth conditions affect the crystallinity of the grown films. This situation was examined for various growth conditions of Nd:YAG laser oxidized tantalum films in our earlier publication. X-ray diffraction data showed that the films grown at or below 350°C are amorphous while the films grown at higher temperature are polycrystalline with orthorhombic structure [9] .
Dielectric and electrical parameters
In this section, the electrical properties, i.e. C-V, G-V and I-V of 4 samples produced at T s = 250, 300, 350, 400°C are presented. C-V curves were taken at high frequencies namely 1 kHz, 10 kHz, 100 kHz, 1 MHz for MOS capacitors with 1.96 × 10 − 3 cm 2 Al gate area. Series resistance corrections were applied to 100 kHz and 1 MHz C-V and G-V data. High frequency C-V and G-V data have been analyzed to obtain ε eff , V FB , Q f , Q sl , and D it . Fig. 3 (a-d) shows C-V curves with accumulation, depletion and inversion regions after the series resistance correction has been applied. However, the frequency dispersion seen in the accumulation part of the C-V curves indicates that the series resistance effect cannot be eliminated totally. This effect is more visible in the high frequency regimes as expected [13] . The ε eff of the oxide layers (21 nm thick) was determined from the capacitance value at accumulation mode of 1 MHz, 100 kHz, 10 kHz and 1 kHz C-V curves of the MOS structure. The ε eff values corresponding to each high frequency C-V curve are given in Table 1 for all samples at the given substrate temperatures, and seen that almost all ε eff values are higher than that of ideal SiO 2 (ε SiO 2 = 3.9). Since accumulation capacitance (C acc ) values depend on the frequency (Fig. 3a-d Our recent results [9] support that the effective oxidation temperature for Ta films starts somewhere in between 300°C and 350°C. For the lowest T s , 250°C, the ε eff is too much variable with respect to frequency showing that the grown layer is not uniform. The calculated ε eff data for 300°C and 350°C are reliable, and ε eff values are comparable to the results of other groups using different growth techniques [4, 7] . However, the decrease in ε eff values when T s increases to 400°C is an evidence that a SiO 2 layer is formed at the interface [9] resulting in a smaller ε eff value when the substrate temperature exceeds a certain value.
The Q f values are calculated from the shift in V FB which is obtained from the position at the conduction peak together with work function difference between Al gate and Si (−0.7 eV) ( Table 1 ). The Q f at 1 MHz frequency is found to be~0.4 × 10 11 cm − 2 for T s = 400°C, whereas it changes from~(−7.9 × 10 11 cm
) to~(−27.6 × 10 11 cm − 2 ) for T s = 250-350°C oxides. The Q f values calculated for laser grown oxides are approximately one order higher than those of common production methods of Ta 2 O 5 films [4] and this behavior of Q f is generally associated with structural imperfections, bond defects and poor oxidation process. In addition, the fixed oxide charges often originate from the incomplete chemical bonding of the atoms near the dielectric/semiconductor interface [6] . One particular example for these electrically active defects in Ta 2 O 5 is the oxygen vacancies [4] .
Laser grown oxides exhibit hysteresis at 1 MHz C-V curves when the gate voltage is swept from accumulation to inversion and then from inversion to accumulation. This indicates the presence of slow states, Q sl , which are located very close to the Si/oxide interface ( Table 1 ). The shift in the C-V curves at the flat band voltage value, ΔV hyst , at 1 MHz C-V curve changes between −51 mV and −120 mV giving rise to 2.1-4.2 × 10 11 cm − 2 slow states for the substrate temperatures, T s = 300-400°C. For the lowest substrate temperature, i.e. T s = 250°C, Q sl is obtained as −1.5 × 10 11 cm − 2 (ΔV FB hyst = 0.200V). These values are comparable to those obtained by other groups [4] . The D it values were calculated using Terman method [13, 14] . At high frequencies (ωτ≫ 1), interface traps cannot follow the ac voltage swing, which yields the high frequency curve, free of capacitance due to interface traps. As a result, C-V curve at high frequencies has a stretch out with respect to low frequency regime due to interface trap charges. Terman method uses the distortion of high frequency C-V curves caused by the existence of interface charges to calculate D it value using;
where C S is the surface capacitance of silicon, ψ S is the surface band bending of silicon, and q is the elementary charge. By comparing the experimental and theoretical (dψ S /dV G ), one can obtain the D it of the C-V curves [13] . The values of D it as found from 1 MHz C-V curves are obtained in the range between 1.5 × 10 12 and 2.4 × 10 12 cm − 2 eV − 1 (Table 1) . These values are comparable to the values obtained from the other oxide growth methods [4, 14] . Since the oxide quality for the substrate temperature of 250°C and lower T s levels is not enough, I-V characteristics were not examined for this sample. It is apparent from the comparison of Fig. 4 (a) and (b) that the leakage current density decreases by two orders of magnitude with increasing oxide thickness indicating that electrically and stoichiometrically better oxide layers are obtained for the thicker films formed at higher substrate temperatures. The leakage current density for 39 nm oxide is very low being in the range of 10 − 9 A/cm 2 , however, it is around 10 − 7 A/cm 2 for 21 nm thick oxide.
I-V characteristics of the capacitors
The variations of the current density in the forward bias conditions (negative applied voltage values for which electrons are injected from the Al gate for p-type Si) is small for 300°C to 350°C while there is a sharp decrease from 350°C to 400°C, indicating formation of a better insulation in the samples oxidized at higher temperatures. Although the leakage current density decreases with increasing T s in most cases, it shows an abnormal increase in the reverse bias part of the I-V curve of the sample formed at 350°C (Fig. 4(b) ). This could result either from the pin-holes present in the grown oxide or from the undesired contact of the MOS electrode to the regions where the grown oxide has poor quality.
Lower ε eff value for the films grown at higher temperatures (400°C) indicates the presence of a SiO 2 interfacial layer between Si substrate and Ta 2 O 5 . This layer might play an important role in the variation of the current density. When a sufficiently thick interfacial SiO 2 is formed, it may dominate the current flow through the oxide [7] . The decrease in J with increasing T s can then be explained with the less amounts of defects (such as dangling bonds or lack of oxygen) in the oxide structure of the films and formation of SiO 2 interfacial layer which provides better barrier for electrical conduction.
Conduction mechanisms
The current flow through the Ta 2 O 5 films can be described by using various conduction mechanisms whose importance vary with the electric field. These are (i) electronic hoping conduction, (ii) field assisted emission, (iii) Poole-Frenkel (PF) effect, (iv) double barrier tunneling, (v) direct tunneling, (vi) Fowler-Nordheim tunneling (vii) Schottky emission (SE) [15] . One or more of these mechanisms can be applied depending on various device and measurement parameters [2, 15, 16] . The conduction in thin Ta 2 O 5 films has been generally interpreted by two d.c. conduction mechanisms, i.e. SE which is electrode limited or PF which is bulk limited mechanisms [17]. It was reported that the conduction mechanism is strictly bulk limited for thermally oxidized Ta 2 O 5 films, while it is, electrode limited especially at low voltages for highly imperfect films having large numbers of oxygen deficiencies [18, 19] .
Because of the non-uniformity in the oxides grown by laser oxidation, the major dominating current type is hard to determine. However, the analysis have strongly indicated that the conduction mechanism through the laser grown Ta 2 O 5 films in the applied voltage ranges is governed by the PF in the samples having a barrier height separating the traps from the conduction band. PF is based on the emission of trapped electrons toward the conduction band of the insulator [20, 21] . Current density governed by the PF mechanism through the dielectric is given as [22] ;
where J PF is the current density, C is the temperature dependent constant related to the density of trapping centers, E is the electric field in Ta 2 O 5 , q is the electronic charge, Φ 0 is the barrier height separating the traps from the conduction band, k B is the Boltzmann constant, T is the absolute temperature, ε 0 is the permittivity of free space, and K r is the high frequency dynamic dielectric constant, that is equal to the square of the refractive index. r is a degree of compensation whose value changes between 1 and 2 (1 ≤ r ≤ 2) [20, 21] , and it defines the effect of trapping or acceptor sensors. When r is equal to 1, then it is named as normal PF, while it corresponds to modified Poole-Frenkel effect or Poole-Frenkel with compensation when r = 2. If the plot of ln( J / E) versus E 1/2 results in a straight line, it suggests that the conduction is dominated by PF mechanism and r ffiffiffiffiffi K r p value can be extracted from the measured curve. Since r changes between 1 and 2, and K r is the square of refractive index value, then the range for r ffiffiffiffiffi K r p can be counted as normal when its value is between 1.9 and 4.5. Table 2 . It is known that formation of a very thin layer of suboxides containing Si, Ta and O is inevitable in most cases [4, 7] . Based on the spectroscopic reflectance measurements [23] and XPS (X-ray Photoelectron Spectroscopy) depth profiling results of laser oxidized SiO 2 layers [24] , it is again expected that the laser oxidized Ta 2 O 5 layers could have suboxide layer at the interface. Since the refractive index and thickness measured by single wavelength ellipsometer (632.8 nm) are not reliable without other independent measurements, extraction of r from K r is not possible and therefore r ffiffiffiffiffi K r p values are listed in Table 2 . However, monotonic increase in the r ffiffiffiffiffi K r p values can be attributed to the densification in the film structure. The refractive index is expected to increase as a result of reducing the amount of suboxides with increasing substrate temperature T s [23] . The increase with respect to T s increment in the measured r ffiffiffiffiffi K r p values can be extracted from Fig. 5 for both oxide thicknesses. The dependence of n on T s at 633 nm wavelength for a constant laser power was presented in our earlier work [9] , where it was confirmed that n increases with respect to T s increment and reaches similar values reported for as-fabricated Ta 2 O 5 films obtained by other methods [4, 7] . One can conclude that increasing substrate temperature, T s , results in formation of denser Ta 2 O 5 oxide layers with higher refractive index n ¼ ffiffiffiffiffi
, with less number of defects in or at the interface of the grown films.
When I-V curves are analyzed by applying PF formalism, we observe a general agreement in some part of the curves as seen in Fig. 5 . It is clear from the experimental curves that more than one conduction mechanisms might be important for the current flow through these samples.
The presence of interfacial SiO 2 layer affects the characteristics of the MOS devices. First of all, the overall effective dielectric constant of the insulating system is reduced. Second effect of the SiO 2 layer would be an increase in the overall resistance of the grown layer. For a complete analysis, the interfacial SiO 2 should be taken into account. Assuming that the accumulated charge at the Ta 2 O 5 /SiO 2 interface is zero, the electric field distribution within the oxide layer (Ta 2 O 5 /SiO 2 ) is determined by
where ε T , ε S are the permittivity of Ta 2 O 5 and SiO 2 , and E T and E S are electric field across the Ta 2 O 5 and SiO 2 layers respectively. Then, applied voltage across the oxide layer (Ta 2 O 5 /SiO 2 ) can be given by the following expression:
where d S and d T are the oxide thicknesses of SiO 2 and Ta 2 O 5 layers.
From the given equations, the electric field across the SiO 2 and Ta 2 O 5 can be obtained as;
Since the thickness of SiO 2 is in the range of 2 nm and that of Ta 2 O 5 is around 20 nm, it is found that the E field on SiO 2 is much higher than on Ta 2 O 5 Eqs. (5) and (6) . On the other side, because of the difference in the bandgap of Ta 2 O 5 (~5 eV) and SiO 2 (~9 eV), charge 
Conclusions
It has shown that Ta 2 O 5 films with good quality can be grown by Nd:YAG laser oxidation (λ = 1064 nm) at low temperatures. Best process conditions in terms of laser power and substrate temperatures were determined. The FTIR analyses and refractive index values (~1.9-2.2) show that laser grown layers have good qualities being close to those of bulk Ta 2 O 5 . The oxide charges for the best oxides were found to be in the same range as those obtained by other technologies. The leakage current density, J, through the oxide decreased with the increment in the oxide thickness and the substrate temperature. The conduction mechanism is governed by the modified Poole-Frenkel mechanism in a wide region of the I-V curve.
Even though promising results were obtained from Nd:YAG laser oxidation of Ta films on Si, the electrical properties and uniformity of the films can further be improved by optimizing the process conditions and post oxidation processes. The best conditions for Nd: YAG laser oxidation of Ta films are 300 and 350°C for T s , and 3.3 J/ cm 2 pulse for laser beam energy density. In order to decrease the porosity, so do increase the refractive index of the films, post annealing procedure in vacuum can be applied to obtain denser layers. Current mechanisms need to be studied in details with low temperature measurements and activation analysis as a forthcoming duty. Future work will focus on the given issues as well as more detailed structural analysis and interfacial properties of the grown film with respect to XPS depth profile analysis and additionally Transverse Electron Microscope cross sectional pictures.
